Attempts to rationalize the kinetics of cytochrome c oxidation catalyzed by solubilized mitochondrial cytochrome c oxidase (ferrocytochrome c-.oxygen oxidoreductase, EC 1.9.3.1) have been based on assumptions of productive complex formation (Michaelis-Menten approach). However, the range of substrate concentrations used has not, in general, been sufficient to establish a general rate equation. Data adequate to derive such a rate expression are presented, as well as a method for estimation of constants which appear in the rate law deduced and reported herein. It is shown that either of two types of mechanisms, one assuming productive complex formation, as opposed to the other postulating dead-end complex formation, accurately predict the rate equation as deduced from experiment.
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Clarification of the structural bases for mitochondrial function of cytochrome c remains a central problem in bio-energetics. Approaches to its solution by kinetic analyses of soluble cytochrome c interactions with the associated redox systems, particularly solubilized mitochondrial cytochrome c oxidase (ferrocytochrome c:oxygen oxidoreductase, EC 1.9.3.1), have generated a considerable literature (see ref. 1 for a recent review). A proposal to extend such studies to permit better understanding of the role of structural parameters in these interactions involves use of variant eukaryotic forms of cytochrome c as well as related proteins obtained from appropriate prokaryotes (2, 3) . Implementing this approach has required a re-examination and extension of previous kinetic studies on the cytochrome c-cytochrome oxidase reaction.
A major impediment in all such studies to the present has been the finding that standard Michaelis-Menten analysis methods are not applicable for interpretation of kinetic data without many ad hoc assumptions. In this preliminary report, we present data over a greater range of substrate concentrations than reported previously and demonstrate that, in addition to the usual analysis based on the MichaelisMenten postulate of productive complex formation, an alternative mechanism involving the opposed notion of nonproductive ("dead-end") complex formation can account as well for the observed rate equations.
MATERIALS AND METHODS
Oxidase was prepared from beef heart mitochondria according to the method of Fowler et al. (4) . Protein was determined by both the modified biuret (5) and modified Lowry (6) procedures. Total heme a was determined using an extinction coefficient (L\605-630 nm) of 16.5 mM-1 cm-' for the sodium dithionite reduced enzyme (7) . Concentrations of oxidase are expressed in terms of total heme a. The preparation was stored under liquid nitrogen in small aliquots (25 mg/ml in 10 mM Tris-HCl, 0.66 M sucrose, and 1 mM histidine, pH 8). Immediately before use, aliquots were diluted with ice-cold water to a final concentration of 0.1-0.4 mg/ ml.
Horse heart cytochrome c (type VI) was purchased from Sigma Chemical Co. A stock solution of ferricytochrome c was dialyzed against three changes of 20 mM Tris base and 10 ,uM EDTA to remove bound ions (8) . Immediately after dialysis the preparation was chromatographed on a Sephadex G-75 column equilibrated with 0.1 M 2-(N-morpholino)ethanesulfonic acid (Mes), pH 6, and 10,uM EDTA. This procedure removed a small fraction of aggregated cytochrome which showed significant (> 25%) CO binding. Prior to use, an appropriate amount of cytochrome c was reduced by the addition of excess sodium ascorbate. Excess reductant was removed by gel filtration chromatography on Sephadex G-25 equilibrated in the buffer to be used thereafter. Cytochrome c treated in this manner showed no change in oxidation state during the time normally required to complete an experiment. Total cytochrome c was determined spectrophotometrically, using EM0 nm = 27.6 mM-1 cm-1 for solution reduced with sodium dithionite (9) .
The kinetics of oxidation of ferrocytochrome c by oxidase were studied spectrophotometrically by monitoring the decrease in absorbance of a, 3, or y bands. Under the conditions used the reaction being studied was restricted to electron transfer from cytochrome c to cytochrome oxidase. The reaction of oxidase with oxygen was very rapid relative to other electron transfer processes. Therefore, the acceptor, oxidase, was always available and oxygen was not limiting in the reaction. All experiments were performed in the presence of 0.1 M Mes, pH 6, and 10 The pseudo-first order nature of the steady state kinetics requires the general form for the rate equation to be:
The observed first order rate constant is directly proportional to total oxidase in the system. Plots of kobs against total oxidase at different cytochrome c concentrations are linear with zero intercepts (Fig. 2) , as represented by the the relation: [2] with slopes (k') dependent on the total cytochrome c concentration. The dependence of k' on cytochrome c concentration is demonstrated directly in Fig. 3 . Furthermore, the data in Table 1 Fig. 1 , at concentrations as high as 160 ,uM (eight times the highest reported Km value) the reaction remains strictly pseudo-first order.
The observed first order rate constant decreases with increasing cytochrome c concentration. Furthermore, the apparent inhibition by cytochrome c is independent of the oxidation state of the cytochrome c. Smith and Conrad have interpreted the inhibition of the reaction by total cytochrome c in terms of the formation of inactive complexes of cytochrome c with the oxidase. The possibility of inactive complex formation, together with the observed nonsaturation kinetics, has led these workers to suggest that Km and Vmax may not be meaningful parameters in analysis of the oxidase reaction (10 The formal mechanisms and rate laws deduced and previously proposed (12, (14) (15) (16) (17) have considered only one binding site for cytochrome c on the oxidase, and require that linear double reciprocal plots should result for all cytochrome concentrations. Any of the five mechanisms proposed by Minneart (12) as well as that proposed by Yonetani and Ray (16) Table 3 extends the mechanism proposed by Nicholls (15) to include such dead-end complex formation with both ferri-and ferro-cytochrome c and to include two binding sites on the oxidase. Again, it is assumed that the binding of cytochrome c to oxidase is independent of the oxidation state of cytochrome c, and reaction pathways for cytochrome c with cytochrome c-oxidase complexes, U-and V, are equivalent.
The two mechanisms presented in Table 3 (15, (18) (19) (20) , but results are equivocal. Observed oxidations of ferrocytochrome c in isolated complexes could be the result of dissociation of a nonproductive complex and reformation of an active collision complex during the time course of the measurements. These findings affect proposed comparative kinetic studies in that comparisons can be made only by properly estimating kinetic constants from an adequately extended range of cytochrome concentrations. Only constants that are estimated under the limiting conditions of Table 2 are meaningful. Because both mechanisms are plausible, kinetic constants for the oxidase reaction are not uniquely interpretable (Table 3) . Although Q and R are defined as equilibrium binding constants, their physical meanings differ according to the mechanism proposed. In mechanism A electron transfer occurs only when cytochrome c is in a "stable" complex with the oxidase. Therefore, binding, which controls the rate of complex formation, would be important in relation to cytochrome c function in mitochondria. In mechanism B, the "binding" constants are parameters that limit the amount of free oxidase available for reaction. N and M in mechanism A are defined as the product of electron transfer rates (k3 and kg) and the steady state concentrations of U and W, respectively, while in mechanism B these same constants are defined only as electron transfer rates. Mechanism B appears more advantageous for comparative kinetic studies because the kinetic constants involved are more readily experimentally related to component processes.
